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Archean rocks may provide a record of early Earth environments. However, such rocks have often been metamorphosed by high pressure and temperature, which can overprint the signatures of their original formation. Here, we show that the early Archean banded rocks from Isua, Akilia, and Innersuartuut, Greenland, are enriched in heavy iron isotopes by 0.1 to 0.5 per mil per atomic mass unit relative to igneous rocks worldwide. The observed enrichments are compatible with the transport, oxidation, and subsequent precipitation of ferrous iron emanating from hydrothermal vents and thus suggest that the original rocks were banded iron formations (BIFs). These variations therefore support a sedimentary origin for the Akilia banded rocks, which represent one of the oldest known occurrences of water-laid deposits on Earth.
In studies of early life and ancient environments on Earth, geological context is of key importance but can be difficult to ascertain (1) . Ambiguities in interpretations of the early Earth record are mainly caused by the high grade of metamorphism that all remnants of early Archean supracrustal rocks have experienced during burial, which overprints the primary characteristics of the rocks. One example of this ambiguity concerns the origin of a banded quartz-pyroxene rock formation on Akilia Island, where trace elements and field relationships have been used to argue either for (2-6) or against (7-9) a sedimentary origin. Because recrystallization and metasomatism have partially influenced the trace element distribution in these rocks, it is important to identify additional markers, such as S (10) or Fe (11) isotopes, that may have retained an original premetamorphic signature.
The Fe isotopic composition, F Fe , which is expressed as per mil per atomic mass unit (°/amu) deviation relative to the composition of a reference material (12, 13) , is affected by biological processes and can potentially be used to trace life in present and past environments (11, (14) (15) (16) (17) . However, various abiotic processes that operate in aqueous fluids at low temperature are known to fractionate Fe isotopes, compromising to some extent the use of F Fe as a biosignature (11, 14, 15, 18, 19 (24) , which raises the possibility that Fe isotopes can be used to infer the nature of the protolith of heavily metamorphosed rocks (11) . To address what might be the oldest sedimentary sequence on Earth, we have analyzed the F Fe of igneous and banded rocks from Isua, Akilia, and Innersuartuut, Greenland (Table 1) .
Powdered rock samples were digested in acid (HF-HNO 3 -HClO 4 ). Iron was then purified on an ion exchange resin, and its isotopic composition was analyzed with a multicollector inductively coupled plasma mass spectrometer (Table 1) (12) . The ultramafic and gabbroic samples SM/GR/97/3, SM/GR/ 97/4, and SM/GR97/6 were found directly in contact with the banded quartz-pyroxene rocks in question (2) (3) (4) (5) (6) (7) (8) (9) in the Akilia association on the southwestern end of Akilia Island. Samples SM/GR/97/2 and SM/GR/ 97/7 are part of the Am>tsoq gneisses that directly surround the Akilia association. The igneous rocks from Akilia (F Fe 0 0.022 T *To whom correspondence should be addressed. E-mail: dauphas@uchicago.edu 0.050°/amu; n 0 5 measurements) ( Table 1 and Fig. 1A ) have the same F Fe values within uncertainties as worldwide igneous rocks (F Fe 0 0.040 T 0.009°/amu; n 0 76) (Table 1) (12, 15, (20) (21) (22) (23) . This result demonstrates that the F Fe of the silicate portion of Earth available for sampling did not change drastically between the early Archean era and the present day. It also indicates that if Fe was mobilized during metamorphism, its isotopic composition was not modified at the bulk sample scale.
BIFs have variable F Fe values. This is best demonstrated by the BIFs from the Kaapvaal Craton (2.5 Â 10 9 years old) (24) . As illustrated in Fig. 1 , the F Fe of this formation spans values from -1.20 to þ0.57°/amu with a strong mineralogical control (from isotopically light pyrite and Fe-carbonate to isotopically heavy hematite and magnetite). We have analyzed the F Fe of mineral separates and bulk rock samples of a BIF from Isua (IF-G, iron formation geostandard), quartz-pyroxene rocks from Akilia EG91-26, also referred to as ANU92-197, the sample where putative biogenic graphite was found (2); SM/GR/97/5; and AK-98^, and some magnetite-bearing rocks from Innersuartuut E171770 (8), 171771, and SM/GR/97/9^. For some samples (G91-26 and SM/GR/97/5), two fractions of powdered material were prepared from different splits of the coarsely crushed samples. All bulk measurements were duplicated, and all replicate analyses (different splits or different dissolutions) agreed within uncertainties. The bulk samples from Isua, Akilia, and Innersuartuut were found to have isotopically heavy Fe relative to igneous rocks (Fig. 1A) .
Rocks from Akilia and Innersuartuut experienced granulite facies metamorphism in the early Archean (9750-C, 7 kbar) (25) and were retrogressed under amphibolite facies in the late Archean (3). Rocks from Isua experienced only amphibolite facies metamorphism (9550-C, 5 kbar) (26) . The Fe isotopic compositions of pyroxene and magnetite mineral separates were similar to the compositions of the bulk rock samples from which they were extracted (within 0.08°/ amu) (Fig. 1B) . Any original variations in F Fe between the various minerals were probably obliterated by high-temperature equilibration during metamorphism. This finding is consistent with independent evidence for null-equilibrium isotope fractionation between magnetite and silicate minerals at high temperature (È790-C) (27) .
Given the controversy regarding the possible igneous origin of the quartz-pyroxene rock on Akilia (7-9), one must consider whether the enrichment in heavy Fe is the result of metasomatic alteration of an original igneous protolith. The hydrothermal alteration of basalts can be thought of as a low pressure and temperature analog for such a metasomatic scenario. Altered mid-
with a depletion in Fe concentration. If a similar loss of Fe occurred as a result of metasomatic alteration of the quartz-pyroxene rock on Akilia, it would be evident in the comparison of the ratios of Fe to an immobile trace element such as Ti between these samples and the surrounding igneous rocks. The high Fe/Ti ratios in the quartz-pyroxene rocks (Table 1 and Fig. 2) indicate that Fe was not preferentially lost. On the contrary, the high Fe/Ti ratios resemble those of BIFs found in the Isua Supracrustal Belt (28) . A metasomatic origin (direct precipitation from a metamorphic fluid) can be ruled out as well, because fluid-rock interactions tend to enrich the fluids in the light isotopes (14, 21), but no negative F Fe values are observed in any of the quartz-pyroxene rock samples. Therefore, the enrichment in heavy Fe isotopes and high Fe/Ti ratios observed in the Akilia quartz-pyroxene rocks are most likely primary BIF signatures.
The detailed study of BIFs from the Kaapvaal Craton (24) provides a useful framework to interpret the positive F Fe of BIFs from southwestern (SW) Greenland (Fig. 1B) (17, 19) . A closeup of SW Greenland banded rocks is shown (black squares are bulk samples, gray square is pyroxene, open squares are magnetite). The enrichment in heavy Fe of SW Greenland banded rocks may be caused by fractionation associated with oxidation and subsequent precipitation of Fe(II) from hydrothermal vents. Error bars are 95% confidence intervals. (24, 31) , and O 2 -mediated indirect oxidation by oxygenic photosynthetic bacteria (32) . The isotopic fractionation associated with abiotic photo-oxidation has not yet been documented, but the latter two possibilities can be tested with Fe isotopes. Whether the oxidation is direct EFe(II)-oxidizers^or indirect (O 2 -mediated), the isotopic fractionation associated with hydrous ferric oxide (HFO) precipitation can be divided into two steps (17, 19) . The first step involves oxidation of Fe(II) aq into Fe(III) aq and is associated with an enrichment in the heavy isotopes. The second step involves precipitation of HFO and is probably associated not with equilibrium fractionation, but with a kinetic effect that enriches the precipitate in the light isotopes and depends on the rate of precipitation. The net isotope shifts documented for oxidation of Fe(II) and precipitation of HFO are þ0.75°/amu for anoxygenic photosynthetic oxidation (16) and þ0.45°/amu for O 2 -mediated oxidation (18) under specific experimental conditions. If applied to hydrothermal fluids, the composition of the first precipitate (F Fe around 0.3 to 0.6°/amu) would agree for both mechanisms with the range of compositions measured in early Archean BIFs from SW Greenland.
Anoxygenic photosynthesis emerged on Earth before oxygenic photosynthesis (33) . The measured Fe isotopic compositions in 93.83 Ga BIFs from SW Greenland are compatible with oxidation of Fe(II) by anoxygenic photoautotrophic bacteria. However, the Fe isotope fractionation in these rocks cannot necessarily be taken as a biosignature, because abiotic photo-oxidation can potentially cause a similar effect. More work is required to characterize Fe isotopic fractionation associated with photooxidation (30) .
Iron isotopes, although not unambiguous biomarkers, do provide crucial information for revealing the protoliths of highly metamorphosed early Archean rocks. In the case of the quartz-pyroxene rock on Akilia Island, its enrichment in the heavy isotopes of Fe supports a sedimentary rather than an igneous origin. This conclusion agrees with the detection of S isotope anomalies in some of these rocks (10) . The recognition of a sedimentary protolith in the earliest rock record can be important for studies of early life and ancient terrestrial environments, because ancient sediments represent the only direct record of early ocean chemistry. (Fig. 1) . The high Fe/Ti is because of the low solubility of Ti in the fluids that precipitated the BIFs. For Akilia samples to be derived by metasomatism from an igneous protolith, it would require that Fe be enriched by a factor of about 100 to 700 relative to the original formation. This is extremely unlikely and would not explain the associated enrichment in heavy Fe isotopes.
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